ABSTRACT: Exposure to hypoxia before hypoxia-ischemia (HI) confers substantial protection referred to as preconditioning (PC). We hypothesized that PC induces critical changes of genes related to apoptotic cell death to render the brain more resistant. PC hypoxia (8% O 2 , 36°C, 3 h) was induced in rats on postnatal day (PND) 6, and the rats were killed at 0, 2, 8, and 24 h. Total RNA was extracted from cerebral cortex and analyzed using Affymetrix rat genome 230 2.0 array. PC induced significant changes in 906 genes at 0 h, 927 at 2 h, 389 at 8 h, and 114 at 24 h. Ontology analysis revealed significant alterations in genes involved in cell communication, signal transduction, transcription, phosphorylation, and transport. Genes involved in cell death/apoptosis as well as those related to brain development (cell differentiation, neurogenesis, organogenesis, blood vessel development) were overrepresented. A detailed analysis demonstrated that 77 significantly regulated genes were involved in apoptosis, specifically related to the Bcl-2 family, JNK pathway, trophic factor pathways, inositol triphosphate (PI3) kinase/Akt pathway, extrinsic or intrinsic pathway, or the p53 pathway. The study supports that the epidermal growth factor receptor family, mitogenactivated protein kinase phosphatases, and Bcl-2-related proteins and the PI3 kinase/Akt pathway may have roles in providing resistance in the developing central nervous system (CNS). (Pediatr Res 61: [444][445][446][447][448][449][450] 2007) 
I njury in the developing brain is a common cause of disability in children. Although multiple factors such as excitotoxicity, reactive oxygen species, inflammation, and apoptotic mechanisms have been shown to be involved, there are no effective treatments at this time (1) , and there is a need for increased knowledge regarding the pathophysiology of perinatal brain damage. Exposure to sublethal hypoxic conditions (hypoxic PC) 24 h before HI confers substantial protection of the developing brain (2) . We have recently observed that reduction in brain injury is long-lasting (8 wk) with respect to both histopathology and long-term sensorimotor behavioral tasks (3) . There are reasons to believe that altered gene expression underlies this protective effect, e.g. a certain time is needed for induction of the lowered CNS vulnerability and inhibitors of gene transcription/protein synthesis block PC (4) . We hypothesized that characterization of alterations in the global gene expression after PC would give important clues to mechanisms of induced tolerance in the developing brain and may identify targets for therapeutic intervention (5) .
There is one such study previously published using the microarray chip Affymetrix U34A (contained approximately 8000 genes/expressed sequence tags) that provides interesting information (6) , but still there is a scarcity of data on how apoptotic genes are altered by hypoxic PC. Indeed, several lines of evidence support that apoptotic mechanisms are center stage in cerebral vulnerability in response to HI insult in neonates. Key elements of apoptosis have been demonstrated to be strongly up-regulated in the immature brain, such as caspase-3 (7), APAF-1 (8), Bcl-2 (9), and Bax (10) . Caspase-3 is markedly activated after HI in the immature brain (11) (12) (13) (14) , and cells with the cleaved active form of caspase-3 colocalize with markers of DNA fragmentation in injured brain regions (15) . Caspase-3 inhibitors (11) as well as transgenic overexpression of X-linked inhibitor of apoptosis (XIAP) (16) attenuate caspase-3 activation and provide neuroprotection. Assembly of the apoptosome is easily induced in homogenates from the immature (but not adult) brain (17) , cytochrome c is released to the cytosol in response to HI (15, 18) , and caspase-9 is activated. In addition, other proapoptotic proteins like AIF (14) , SMAC/Diablo (16) , and HtrA2/Omi (16) translocate from the mitochondria to the nucleus, suggesting that proapoptotic proteins are indeed released during the early recovery phase after HI.
In the present study, we characterize global gene expression after hypoxic PC using a recently introduced gene chip containing approximately 31,000 genes/ESTs with the specific aim to identify novel genes that may be involved in the apoptotic cascade and that could contribute to rendering the brain more resistant to HI. In parallel experiments, we confirmed that the PC insult used here indeed provided protection against HI.
MATERIALS AND METHODS
Experimental animals. Sprague-Dawley rats, originating from Charles River Laboratories (Sulzfeld, Germany), were bred at Göteborg University local animal care facility EBM (Göteborg, Sweden). Animals were housed in accordance to standard guidelines. The experimental protocol was approved by the Regional Animal Ethical Committee of Göteborg (no. 293-01).
Hypoxic PC. On PND 6, animals (n ϭ 64) were subjected to PC hypoxia for 3 h (8.0% oxygen in nitrogen, 36°C). Sham controls (n ϭ 56) drawn from the same litters were simultaneously exposed to normoxia (36°C). Further, animals were either used for RNA preparation followed by microarray analysis or for confirmation of neuroprotection with respect to HI at PND 7.
RNA preparation. Animals were killed and brains collected at four time points (0, 2, 8, and 24 h) after the PC/sham procedure. Five brains per group were collected at each time point, with an equal number of males and females in each group. Brains were removed and dissected on ice, and the cerebral cortex of both hemispheres was rapidly frozen on powdered ice. Total RNA from cerebral cortex was isolated using an RNeasy Protect Maxi kit, according to the manufacturer's instructions (Qiagen Inc.). RNA was quantified by spectrophotometry at 260 nm, and the OD determined by a 260/280 ratio. The quality of the RNA was further checked by running the RNA samples on a 1.1% agarose/2.2 M formaldehyde gel to ascertain that there was no degradation.
Microarray analysis. Microarray analysis was performed at the National Institutes of Health Neuroscience consortium for microarray analysis (http:// arrayconsortium.tgen.org/np2/home.do), using one array for each animal. There were five animals per treatment group (PC or sham) at each time point (0, 2, 8, and 24 h), for a total of 40 arrays. We used the Affymetrix 230 2.0 array, which comprises more than 31,000 probe sets, analyzing more than 30,000 transcripts and variants from 28,000 well-substantiated rat genes. In addition to PubMed, the following databases were used to obtain information about specific genes of interest: http://copewithcytokines.de/ and http:// genome-www5.stanford.edu/cgi-bin/source/sourceSearch.
The raw cell average intensity (CEL) and derived chip (CHP) data, as well as minimum information about a microarray experiment (MAIME)-compliant project information are available for download through the National Institutes of Health Neuroscience Microarray Consortium (http://arrayconsortium.tgen. org/np2/navigateRepository.do; Project: wilso-affy-rat-132990).
Statistical analysis. Data management, normalization, statistical analysis, and gene ontology (GO) analysis were performed using the Web-based GeneSifter software (http://www.genesifter.net). Affymetrix CEL files were preprocessed using the robust multiarray average (RMA) algorithm (19, 20) , which performs three distinct operations: global background normalization, across-array normalization, and log 2 transformation of perfect match values (http://stat.www.berkeley.edu/users/bolstad/RMAExpress/RMAExpress. html). All 40 arrays were normalized together as one experiment to reduce nonbiological variability. Changes in gene expression in the sham controls over the 24-h experimental period (0, 2, 8, and 24 h) were analyzed using analysis of variance (ANOVA) (with 0 h set as control) with the Benjamini and Hochberg (21) false discovery rate (FDR) correction for multiple comparisons set at 0.05 and a threshold of 1.2-fold change for inclusion. Pairwise comparison of the 0-and 24-h time points in sham controls was carried out using a t test with FDR set at 0.05. Because there were significant changes in gene expression in sham controls over this 24h period, the effect of PC gene expression was examined separately at each time point versus time-matched sham controls. At each time point, gene expression was analyzed using t tests with the Benjamini and Hochberg (BH) FDR set at 0.05 and a threshold of 1.2-fold change for inclusion. Further analysis of GO terms for those genes The number of genes up-or down-regulated is shown in bold type for biological process terms that occur more frequently (Z score Ͼ2) or less frequently (Z score less than Ϫ2) than expected by chance. Only terms including at least 10 genes and being significantly over-or underrepresented are shown.
Up, up-regulated; down, down-regulated.
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that were significantly up-or down-regulated used a Z score method to identify biologic process terms that occur more frequently or less frequently than expected (Z score Ͼ2 or less than Ϫ2, respectively). Analysis of macroscopic neuropathological scores and reverse transcriptase polymerase chain reaction (RT-PCR) results was performed using the Mann-Whitney U test, with significance at p Ͻ 0.05.
Real-time PCR.
To verify results of the microarray analysis, real-time RT-PCR (LightCycler, Roche Diagnostics) was used to examine mRNA expression for Ddit4 (NM_080906), Bhlhb2 (NM_053328), map3k1 (AI102620), Litaf (BI284739), Tnfrsf1a (NM_013091), Atf3 (NM_012912), and Dusp1 (BE110108) at 0 h, which (except for Tnfrsf1a) were significantly regulated according to the microarray analysis. First-strand cDNA was synthesized from the same total RNA used for the microarray preparations with the Superscript RNase H reverse transcriptase kit (Life Technologies, Inc.) using random hexamer primers as previously described (7) . Each 20 L contained 1/400 of the cDNA synthesis reaction; 3 M MgCl2, which was found to be the optimal concentration for each primer pair; 0.5 M forward and reverse primers; and 2 L Lightcycler FastStart DNA Master SYBR Green I (Roche Diagnostics). The following primer pairs (CyberGene AB, Huddinge, Sweden) annealing temperatures and elongation times were used: Ddit4: forward 5=-CTT CCT TGG TCC CTG GTT AC 3=, reverse 5=-CGG TGG CTA TTG TCA GTT TT-3=, 56°C, 9 s; Bhlhb2: forward 5=-GGG AGC AGA GTG GTA GTG AC-3=, reverse 5=-TGG TGG GAT GAG ATA GAA GG-3=, 56°C, 12 s; map3k1: forward 5=-GGC GTT TGT TCC CTG TAA 
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AA-3=, reverse 5=-GCC TTT GCC CTG TGT ATG TT-3=, 60°C, 7 s; Litaf: forward 5=-GAT CGT GAC CCA GTT GTC CT-3=, reverse 5=-CGG GAG CAC TTG TCT ACC TC-3=, 60°C, 9 s; Tnfrsf1a: forward 5=-CTG AGT GAG ACG CAT TTC CA-3=, reverse 5= CTG GAG GTA GGC ACA GCT TC-3=, 60°C, 8 s; Atf3: forward 5=-AGC CAA GGA TTC TCC GTT TT-3=, reverse 5=-GGA CCG CAT CTC AAA ATA GC-3=, 62°C, 7 s; Dusp1: forward 5=-TGA AGC AGA GGC GGA GTA TT-3=, reverse 5=-TGA TGG GGC TTT GAA GGT AG-3=, 60°C, 9 s; GAPDH: forward 5=-CTA CCC ACG GCA AGT TCA AC-3=, reverse 5=-ACG CCA GTA GAC TCC ACG AC-3=, 58C°, 6 s. Each sample was assayed in duplicate. Melting curve analysis was performed to ensure that only one product was amplified, and PCR samples were separated on 1.5% agarose gels for confirmation of product size. For quantification and for estimating amplification efficiency, a standard curve for each gene product was generated using increasing concentration of cDNA. Amplification transcripts were quantified using the appropriate relative standard curve and normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Confirmation of the neuroprotective effects by PC in response to subsequent HI. Littermates of animals used for the microarray analysis (PC n ϭ 44; sham n ϭ 36) were subjected to an HI insult on PND 7 as previously described (3). In brief, animals were anesthetized with enflurane (3.5% for induction and 1.5% for maintenance) in a mixture of oxygen and nitrogen. The left common carotid artery was cut between two 6-0 Prolene sutures. After anesthesia and surgery, the animals were returned to the dams and allowed 1 h of recovery. Thereafter, animals were exposed to 1 h 15 min of hypoxia in a humidified chamber at 36°C with 7.7% oxygen in nitrogen. After completion of the hypoxic interval, the animals were returned to their dams. On PND 14, animals were deeply anaesthetized (pentothal sodium, 50 mg/ mL) and perfused intracranially with 0.9% NaCl followed by 5% paraformaldehyde. Thereafter, brains were macroscopically scored for neuropathological outcome as previously described (3).
RESULTS
Changes in gene expression in sham controls between PND 6 and 7. Before analyzing the gene expression related to hypoxic PC, we analyzed the developmental changes over the 24-h experimental period in sham controls. A total of 3424 genes were significantly altered between PND 6 and 7 (ANOVA, BH FDR 0.05, 1.2-fold change) in sham controls. Cluster analysis (partitioning around medoids) revealed that most genes (1774) were down-regulated. Pairwise analysis (0 h versus 24 h; t test, BH FDR 0.05, 1.2-fold change) also showed that the majority of genes were down-regulated. According to functional ontology analysis, many of the regulated genes were, not unexpectedly, related to metabolism, cell communication, transport, cell growth/proliferation, differentiation, maturation and organization, neurogenesis, cell motility, and behavior. Generally, genes that were most developmentally regulated in the cerebral cortex between PND 6 and 7 were not the ones affected by PC hypoxia. However, the substantial number of developmentally regulated genes over the 24-h period in this study justified the use of pairwise analysis between PC hypoxia and separate precisely agematched controls that were drawn from the same litters at 0, 2, 8, or 24 h.
Transcriptome changes induced by PC: ontology analysis. Table 1 summarizes the number of genes that were significantly up-and down-regulated at 0, 2, 8, and 24 h after PC (t test BH FDR 0.05, 1.2-fold change). Generally, there were more genes regulated at early (906 at 0 h and 927 at 2 h after PC) than at late (389 at 8 h and 114 at 24 h after PC) time points. Gene ontology (GO) analysis was performed with strict criteria including only those gene categories with Ͼ10 genes and with a Z score less than Ϫ2 or Ͼ2. GO analysis revealed that at 0 h and 2 h after PC, up-regulated genes related to transcription, phosphorylation, and brain development (regulation of cell proliferation, cell/organelle organization and biogenesis, cell differentiation, organogenesis, neurogenesis, blood vessel development) were overrepresented, whereas up-regulated genes related to transport were underrepresented (Table 2) . Genes involved in cell death/apoptosis or cell fate determination were overrepresented at 0 and 2 h after PC. Up-regulated signal transduction genes were also overrepresented, and pathway analysis indicated that many of these were part of the mitogen-activated protein kinase signaling, neuroactive ligand-receptor interaction, calcium signaling, cytokine-cytokine receptor interaction, and transforming growth factor ␤ (TGF-␤) signaling pathways. A striking up-regulation of genes in the TGF-␤ signaling pathway was observed (Z score 3.21) (not shown). At 8 h after PC, genes related to cell catabolism as well as cell stress (response to external stimulus, response to biotic stimulus, defense re- sponse) were up-regulated. The gene expression reaction to PC had subsided even further at 24 h, and the limited number of genes that were ontogenetically classified were related to metabolism, cell growth and maintenance, response to external stimulus/stress, or cell communication (not shown).
In summary, ontology analysis at 0 h, 2 h, and to some extent 8 h indicated that genes related to apoptotic cell death were overrepresented (Table 2) . At 0 h, genes involved in both positive and negative regulation of apoptosis were significantly up-regulated. However, at 2 h, only antiapoptotic genes (e.g. Hspa1a, Bag3, Cebpb, Notch2, Bnip3, Tgfa) were upregulated (Z score 3.49), whereas some proapoptotic genes (e.g. TRADD, tia1, id3, Lsp1, vdr) were significantly downregulated, suggesting a shift toward an increased anti-/ proapototic balance.
PC-induced changes in apoptosis-related genes. To track genes that may specifically affect cellular vulnerability, we also individually scrutinized genes that were significantly altered at 0, 2, 8, or 24 h (t test versus sham, BH FDR 0.05, 1.2-fold change) and found that 77 genes related to apoptotic or nonapoptotic cell death were significantly affected (Fig. 1) . Some of these genes were related to the Bcl-2 family, JNK pathway, trophic factors, PI3 kinase/Akt pathway, extrinsic pathway, caspase-cascade, or the p53 pathway (Fig. 2) .
Real-time PCR. Seven genes (Ddit4, Bhlhb2, map3k1, Litaf, Tnfrsf1a, Atf3, and Dusp1) were selected for confirmation as they represent examples of putatively anti-or proapoptotic genes (Table 3 , refer to supplemental material online) that may contribute to PC protection. Six of these genes were significantly regulated according to the microarray results. There was a good agreement between the microarray and RT-PCR results irrespective of the magnitude of the difference (1.2-to 2.9-fold) and level of significance (p Ͻ 0.05 to p Ͻ 0.001), supporting that the criteria (t test versus sham, BH FDR 0.05, 1.2-fold change) used in the present study are reasonable (Fig. 3) .
One of the genes (Tnfrsf1a) was not significantly regulated at 0 h after PC according to the microchip array analysis, which was also confirmed by RT-PCR. (Ddit4 (also called REDD1 and RTP801) is strongly induced in a hypoxia-inducible factor-1 (HIF-1)-dependent manner, is a downstream target in the PI3-kinase-Akt pathway, and is believed to exert strong antiapoptotic affects and promote cancer growth (22) . Bhlhb2 (also called DEC1 and STRA13) is highly expressed in colon carcinoma cells and appears to have a role in oncogenesis related to its antiapoptotic properties. It inhibits activation of caspases (caspase-3, -7, and -9) in the intrinsic pathway but not caspase-8 (23) .
Confirmation of PC effect on CNS vulnerability. Littermates of the animals used for microarray analysis were also subjected to PC or sham PC on PND 6, followed by HI on PND 7. Macroscopic evaluation of these brains on PND 14 demonstrated a significant reduction of HI brain injury in animals pre-exposed to PC hypoxia (0.8 Ϯ 0.2, n ϭ 44) in comparison with sham animals (2.7 Ϯ 0.2, n ϭ 36, p Ͻ 0.0001).
DISCUSSION
We found that, of the 31,000 genes/expressed sequence tags analyzed, more than 2000 genes were up-or down-regulated 0, 2, 8, or 24 h after hypoxic PC using relatively strict statistical criteria. It is important to stress that the dynamics of the transcriptome (3424 genes changed significantly between PND 6 and 7) in the developing brain, which necessitated comparison with age-matched sham controls from the same litters. We also had an equal gender distribution in the two groups, as differences in gene expression between males and females during embryonic development have been reported (24) . PC hypoxia up-regulated genes involved in cell communication, signal transduction, transcription, and phosphorylation. Genes involved in death/apoptosis or cell fate determination were overrepresented and as well as those related to brain development (differentiation, neurogenesis, organogenesis, blood vessel development). It is interesting that so many genes related to CNS development were modulated by PC hypoxia, and this response could of course be beneficial for repair and functional compensation after the insult. Conversely, it will be a challenge for the future to understand how the developing CNS manages to develop resistance to a subsequent insult, including altered expression of hundreds of development-related genes, without adversely interfering with the molecular program of brain development. Indeed, PC hypoxia seems to provide both functional and structural protection in the long term using this model (3) even though we do not know whether PC hypoxia (without a superimposed insult) affects neurofunctional behavior compared with sham controls. Both chronic hypoxia (25) and lipopolysaccharide (26) have also been shown to change the expression of genes related to brain development, but these exposures increase rather than decrease cerebral vulnerability. The ontology analysis revealed that genes related to apoptosis as a group were significantly regulated in response PC hypoxia, which is interesting in light of the key role of apoptotic mechanisms in immature brain injury (see introduction). However, only a minority of relevant genes are included in an ontology report; Figure 2 . A summary of genes regulated by PC that are likely to be involved in intrinsic and extrinsic caspase-dependent as well as caspase-nondependent cell death process. Genes related to the trophic factors, PI3 K/Akt pathway, Bcl-2 family, JNK pathway, intrinsic caspase cascade, extrinsic pathway, p53-dependent apoptosis, reactive oxygen species, and noncaspase-dependent cell death appear in shaded areas.
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careful scrutiny of all genes that were significantly regulated revealed that 77 genes related to apoptotic mechanisms were significantly changed after PC hypoxia, most of them at 0 and 2 h and most of them not previously reported to be altered by PC in the immature brain. Many of these genes are involved in proliferation, cell cycle regulation, and differentiation as well as apoptosis, and, not seldom, both pro-and antiapoptotic effects have been reported. It is also important to point out that the direction of change in gene expression may not reflect the functional role of the protein, e.g. caspase-3 activity is increased after HI but the gene expression decreases (7 , and Foxo1a and a number of proapoptotic genes that are down-regulated (Nfya, Stk17b, Gpr37, TRADD). There were also changes in some genes (tff2, Smn1, Csrp2, Timp3, Zyx, Pkn1, Tnfrsf12a/tnfrsf1a, Eya2, Gadd45a, Egr1/2, Irf1, Lpc2, casp8, cdkn1b) that may seem paradoxical and difficult to reconcile with decreased cellular vulnerability. Some of these genes have anti-inflammatory properties (Timp3, Zyx, Pkn1, Tnfrsf12a/1a, Lpc2, casp8, Irf1) and may not be involved in neuronal or oligodendroglial apoptosis but could be beneficial by promoting apoptosis of inflammatory cells, limiting damage caused by these cells. In addition, moderate activation of proapototic systems such as the caspases could be a mechanism whereby protective heat shock proteins are induced in response to PC in the adult brain (27) . There were also a number of genes up-or down-regulated that are likely to be involved in apoptosis (e.g. RERE, CREM, Senp2, Tle3, Stk6), but, based on the current literature, there is insufficient information to decide whether the change in gene expression is likely to increase or decrease cell survival. Several of these findings deserve to be studied in more detail because they may be important molecular events in the development of cerebral resistance. As many as 13 genes related to the Bcl-2 family of proteins that have not been previously reported to be affected by PC were regulated in this study (Fig.  1 ). This agrees with a few studies demonstrating that Bcl-2 proteins are important in HI (18, 28, 29) , and ceramide "PClike" protection in the neonatal setting was accompanied by up-regulation of both Bcl-2 and Bcl-xL (30) . JNK3 was recently discovered to exert proapoptotic effects in HI (31) . Several genes related to this pathway (Atf3, Map3k1, Mapk10/ Jnk3, Junb) were altered by PC. Given that this pathway is activated through phosphorylation, it is interesting that the phosphatases dusp1 and dusp6 were both up-regulated, which may contribute to inactivation of Jnk3, p38, and other kinases. The role of this family of phosphatases in cerebral vulnerability needs to be addressed in the future.
Nrg-1, Tgf1a, and Egfr were all up-regulated after hypoxic PC, which has not previously been shown. Neuregulins and 
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Tgf1a both activate the epidermal growth factor family (Egfr, ErbB) of receptors and play important role in proliferation, migration, and differentiation of neuronal and glial cells; they also enhance survival and inhibit apoptosis of postmitotic neurons (32) . Nrg-1 exerts a neuroprotective effect in the adult brain after stroke, which may be due to its antiapoptotic and anti-inflammatory properties (33) . Tgf1a has also been shown to reduce ischemic brain injury in adults, likely via nonvascular neuronal actions (34) . Our present results implicate the epidermal growth factor receptor family in regulating the vulnerability of the developing brain to injury, which needs to be studied in more detail.
The PI3 K/Akt pathway has been shown to be important for attenuation of apoptotic DNA fragmentation after ischemia in the adult brain (35) and is essential for ischemic PC in the liver (36) . This pathway is also activated in the developing CNS after HI (37) and PI3 K/Akt is likely to partly explain the neuroprotective effect of insulinlike growth factor I (Igf-I) and the secretagogue hexarelin (37-39) even though the role of this system is not fully understood. We currently found that 16 genes directly or indirectly related to PI3 K/Akt were regulated in response to hypoxic PC ( Figs. 1 and 2 ) suggesting that preservation of Akt activity may contribute to CNS tolerance after hypoxia.
